Maintaining proper mitochondrial length is essential for normal mitochondrial function in neurons. Mitochondrial fragmentation has been associated with neuronal cell death caused by a variety of experimental toxic stressors. Despite the fact that oxidative stress is a hallmark of neurodegenerative conditions and aging and the resulting activation of p53 is believed to contribute to the neuropathology, little is still known regarding changes in mitochondrial morphology in p53-dependent neuronal death. Therefore, we specifically addressed the relationship between genotoxic stress, p53 activation, and the regulation of mitochondrial morphology in neurons. In cultured postnatal mouse cortical neurons, treatment with the DNA-damaging agent camptothecin (CPT) resulted in elongated mitochondria, in contrast to fragmented mitochondria observed upon staurosporine and glutamate treatment. In fibroblasts, however, CPT resulted in fragmented mitochondria. CPT treatment in neurons suppressed expression of the mitochondrial fission protein Drp1 and the E3 ubiquitin ligase parkin. The presence of elongated mitochondria and the declines in Drp1 and parkin expression occurred before the commitment point for apoptosis. The CPT-induced changes in Drp1 and parkin were not observed in p53-deficient neurons, while p53 overexpression alone was sufficient to reduce the expression of the two proteins. Elevating Drp1 or parkin expression before CPT treatment enhanced neuronal viability and restored a normal pattern of mitochondrial morphology. The present findings demonstrate that genotoxic stress in neurons results in elongated mitochondria in contrast to fission induced by other forms of stress, and p53-dependent declines in Drp1 and parkin levels contribute to altered mitochondrial morphology and cell death.
Introduction
Oxidative stress resulting from mitochondrial dysfunction is associated with the pathogenesis of multiple neurodegenerative diseases and aging (Lin and Beal, 2006) . One consequence of oxidative stress is the generation of DNA damage with subsequent induction of the p53 tumor suppressor protein (Morrison et al., 2003) . Thus, induction of the p53 protein in neurons has been demonstrated for a diverse array of nervous system diseases including Huntington's disease, Parkinson's disease, and Alzheimer's disease as well as nervous system injury (Morrison et al., 2003; Bae et al., 2005) . Numerous lines of evidence suggest that p53 induction is responsible for neuronal damage.
Mitochondria change size and shape by undergoing fission and fusion, processes that are orchestrated by a well conserved cellular machinery comprised of dynamin-related GTPases, dynamin-related protein 1 (Drp1) for fission and mitofusins (Mfn1/2), and optic atrophy-1 for fusion (Chen and Chan, 2005) .
Recent studies with neurons demonstrate that diverse forms of acute neurotoxic stress commonly cause mitochondrial fission and that enhancing the expression of fusion proteins or suppressing Drp1 activity reduce fission as well as cell death (Barsoum et al., 2006; Wang et al., 2008; . Despite the likely contribution of p53 to neuronal dysfunction and loss due to oxidative stress associated with neurodegenerative conditions and aging, little progress has been made in characterizing how DNA damage directly alters mitochondrial morphology in compromised neurons. The p53-dependent apoptotic pathway mobilizes the pro-apoptotic protein Bax through the transcriptional activation of BH3 domain-only proteins such as PUMA (Uo et al., 2007) .
In addition to its activity in permeabilizing the outer mitochondrial membrane, Bax promotes mitochondrial fragmentation during apoptosis by forming a complex with Drp1 and Mfn2 at fission sites (Karbowski et al., 2002) . How Bax is recruited to the mitochondria, however, may dictate its effect on mitochondrial morphology as Bax is also known to function as a fusion protein under physiological conditions (Karbowski et al., 2006) . As a transcriptional regulator, p53 may also have a direct influ-ence on the expression and function of proteins regulating mitochondrial morphology.
In the present study, we found that DNA damage induced by the topoisomerase I inhibitor, camptothecin (CPT), in cultured cortical neurons does not cause fragmented but rather elongated mitochondria, which is, at least in part, due to decreased expression of Drp1 and parkin. Overexpression of Drp1 or parkin mitigated the mitochondrial elongation and cell death induced by CPT. Staurosporine, a p53-independent apoptotic stress, caused mitochondrial fragmentation as previously reported while CPT treatment of mouse embryonic fibroblasts resulted in mitochondrial fragmentation. Thus, our findings suggest that p53-dependent neuronal cell death is uniquely associated with a net increase in mitochondrial length involving reduced expression of Drp1 and parkin. The changes in mitochondrial morphology mediated by p53 could affect mitochondrial function, transport, and, in conjunction with reduced parkin expression, mitophagy in neurons during the course of aging and neurodegenerative disease.
Materials and Methods
Animals and cell culture. Primary cultures of postnatal cortical from wildtype (p53 ϩ/ϩ ), p53-deficient (p53 Ϫ/Ϫ ), and Bax-deficient (Bax Ϫ/Ϫ ) newborn mice (postnatal day 0; P0), hippocampal neurons from P0 p53 ϩ/ϩ mice and cerebellar granule neurons from P7 p53 ϩ/ϩ mice were prepared using either sex as previously described (Xiang et al., 1996) . Overall neuronal viability was monitored morphologically based on phase-contrast microscopy (Xiang et al., 1996) , nuclear morphology (Hoechst 33258 staining), and EGFP fluorescence of infected neurons. At least three random fields per condition at 32ϫ (ϳ30 neurons per field) were blindly counted for neuronal viability. Mouse embryonic fibroblasts (MEF) were prepared and maintained as previously described (Uo et al., 2007) .
Immunoblotting. Protein extracts were prepared in SDS-PAGE sample buffer (10% glycerol, 62.5 mM Tris-HCl, pH 6.8, 2% SDS) and subjected to gel electrophoresis using 10 g of protein/lane on 4 -15% SDS gradient polyacrylamide gels (Bio-Rad) followed by immunoblotting as previously described (Uo et al., 2007) . For quantification, images were scanned and measured for pixel intensity using National Institutes of Health (NIH) ImageJ software, and normalized against ␤-actin values. Primary antibodies and their dilutions used were as follows: rabbit polyclonal activated caspase-3 (#9661, 1:1000; Cell Signaling Technology), mouse monoclonal ␤-actin (clone AC-15, 1:10000; Sigma), mouse monoclonal parkin (PRK8, 1:500; Santa Cruz Biotechnology), mouse monoclonal Drp1 (clone 8/DLP1, 1:1000; BD Biosciences), and rabbit polyclonal p53 (FL-393, 1:1000; Santa Cruz Biotechnology). Horseradish peroxidase-conjugated secondary antibodies (1: 2000) were from GE Healthcare.
Immunofluorescence. Cells were cultured in Nunc 4-well multidish or on Thermanox plastic coverslips (Nalge Nunc International). Cultured cells were fixed in 2% paraformaldehyde (PFA) in 0.1 M phosphate buffer, pH 7.4, permeabilized with 0.2% Triton X-100, and processed for immunostaining as described previously (Xiang et al., 1996) . Fluorescent microscopic images were captured on an Axiovert 200 inverted microscope (Carl Zeiss Microimaging) equipped with a cooled CCD camera (SensiCam; Cooke). Images to be directly compared were captured and processed in an identical manner with Slidebook imaging software (Intelligent Imaging Innovations) and Adobe Photoshop (version 7.0.1. or CS2 9.0.2). Primary antibodies used were mouse monoclonal Drp1 clone 8/DLP1 (1:200; BD Biosciences) and chicken Tuj1 (1:500; Aves). Nuclei were labeled with Hoechst 33258 (2.5 g/ml). Alexa Fluor dyeconjugated secondary antibodies (1:400) were from Invitrogen. Fluorescent images of mitochondrial-targeted DsRed2 (mitoDsRed2) were subjected to constrained iterative deconvolution using Slidebook.
Plasmid construction and lentivirus production. Production of DNA constructs and lentivirus for FLAG-tagged human Drp1 isoform 1, EGFP, and mitoDsRed2 has been described (Uo et al., 2009). Coexpression of internal ribosomal entry site (IRES)-driven EGFP was used as an infection marker. Human parkin cDNA (#23935; Addgene) was PCR cloned into the pSico plasmid with IRES-driven NLS-myc. The Drp1 shRNA sequence was purchased from Sigma (Clone ID: NM_152816.1-1101s1c1; Uo et al., 2009) . A validated murine parkin shRNA sequence (CGTGATCTGTTTGGACT-GTTT) (Kim et al., 2011) driven by the U6 promoter was packaged into the pSico plasmid. Plasmids were packaged into lentiviral vectors as previously described (Uo et al., 2009 ). All of the PCR-cloned sequences in these vectors were confirmed by DNA sequence analysis. Adenoviral vectors carrying the human p53 gene (p53-Ad) or the ␤-galactosidase gene (LacZ-Ad) were obtained and propagated as previously described (Xiang et al., 1996) .
Assessment of mitochondrial morphology. The extent of morphological changes in mitochondria visualized with mitoDsRed2 fluorescence was determined as follows. First, we surveyed the lengths of discretely distributed mitochondria in the neurites of nontreated postnatal cortical neurons using the ruler function provided in Slidebook and determined that the majority fell within the range of 2-3 m. Neurons were then defined as exhibiting excessive elongation or fragmentation if they displayed multiple (Ͼ5) cases of mitochondria longer than 3 m or shorter than 2 m, respectively. Ten images were taken per condition (with a 32ϫ objective) for three separate experiments. Images were coded and counted by two separate observers blind to the treatments.
Electron microscopic assessment of mitochondrial morphology, number, and size. Cortical neurons were plated on Aclar plastic coverslips and treated at day 3 with CPT or dimethylsulfoxide (DMSO) for 12 h. Cultures were fixed with 2% PFA and 2.5% glutaraldehyde in 0.1 M cacodylate buffer. Fixed cultures were stained with 1% osmium tetroxide, dehydrated in graded alcohol, and embedded in Epon. Semithin sections were cut and stained with toluidine blue to visualize neuronal structures. Ultrathin sections were then cut from select areas and stained with 2% uranyl acetate followed by Reynold's lead. For each experimental condition, electron micrographs from regions containing only neurites were obtained using a Philips CM10 transmission electron microscope. The micrographs for each condition were digitized and analyzed by an observer with no knowledge of the experimental conditions. Total neurite area was measured by density segmentation using NIH ImageJ software. The number of mitochondria per unit area was determined after counting all neuritic mitochondria in each micrograph and dividing by the neurite area for that micrograph. Mitochondrial length was measured by placing a tip-to-tip line across the longest axis of each mitochondrion using the straight line tool in NIH ImageJ. The mean mitochondrial length was calculated for each micrograph (N ϭ 95 for control and 92 for CPT-treated). Results were compared using an unpaired Student's t test in the Prism Software program (GraphPad).
Real-time reverse transcription-PCR. Total RNA was isolated from cultured neurons using an RNeasy isolation kit (Qiagen). Total RNA was reverse transcribed using SuperScriptII reverse transcriptase (Invitrogen) according to the manufacture's instruction. The cDNAs were subjected to real-time reverse transcription (RT)-PCR using commercially available Drp1 primers and probe (Assay ID Mm00679214_g1; Invitrogen) and custom parkin primers (aagaagaccaccaagccttgtc and caaaccagtgatctcccatgc) and probe (agtggtgctggaactgtggct; Invitrogen) selected with the Primer3 program (http://frodo.wi.mit.edu/primer3/). Samples were analyzed on a StepOnePlus Real-Time RT-PCR system (Applied Biosystems) using a 60°C annealing temperature and normalized to mouse 18S RNA.
Results

DNA damage does not induce mitochondrial fragmentation in mouse postnatal cortical neurons
Increased mitochondrial fission or fragmentation is a typical mitochondrial morphological response to apoptosis-inducing stress in both non-neuronal and neuronal cells Barsoum et al., 2006; Jahani-Asl et al., 2007; Benard and Karbowski, 2009) . The majority of the apoptotic stresses thus far tested do not involve or depend on the activation of the p53 tumor suppressor protein (Messmer and Brüne, 1996) . Since p53 is activated by oxidative stress in numerous models of injury and disease, we sought to determine if mitochondrial morphology is deregulated in a p53-dependent model of apoptosis induced by genotoxic stress via CPT treatment in postnatal cortical neurons in culture.
In DMSO-treated postnatal cortical neurons, mitochondria displayed a short tubular-shaped morphology and were randomly distributed throughout the neurites (Fig. 1A) . Using wide field fluorescence imaging, baseline neuritic mitochondrial profiles measured 2-3 m. Accordingly, we defined neurons possessing neuritic mitochondrial profiles longer or shorter than this normal range as displaying elongated or fragmented mitochondria, respectively (see Materials and Methods for more detail). When evaluated by this criterion, DMSO-treated control cultures had 10 -20% of neurons displaying elongated mitochondria as a baseline rate and 5-10% of neurons displaying fragmented mitochondria ( Note that morphologically discernible cell death becomes apparent only after 20 h of treatment both for neurons and MEFs under these CPT treatment conditions. Images were taken with a 63ϫ objective using Slidebook and exported with the ␥ factor set at 0.7 to better represent faint DeRed2 fluorescence. Neuron cultures were immunostained for ␤-tubulin III (TuJ1 antigen), a neuronal marker, to confirm that all the mitoDsRed2 fluorescence shown is associated with neurons (data not shown) while nuclei were visualized by Hoechst 33258 staining (blue). Scale bar, 10 m. The images are representative of two to three independent experiments. F, MEFs were treated with increasing concentrations of CPT, and 12 h later protein samples were prepared and analyzed for expression of p53 by Western blot. ␤-Actin was used as an internal loading control. ϩ/ϩ neurons, CPT did not elicit a mitochondrial response in p53 Ϫ/Ϫ neurons. Cortical neurons were infected with lentivirus expressing mitoDsRed2 (10 MOI) 24 h after plating. Cells were treated with DMSO (control), CPT (5 M), glutamate (50 M), or staurosporine (0.5 M) 3 d after infection and fixed 12 h after treatment. Mitochondrial length was determined based on the mitoDsRed2 fluorescence as described (see Materials and Methods), while Tuj1 immunostaining was used to identify neurons. Percentage of neurons displaying fragmentation, elongation, or no change (neutral) in mitochondrial morphology was calculated and presented as the mean Ϯ SEM three independent experiments. *, **, Significantly different from all other conditions ( p Ͻ 0.01 and p Ͻ 0.001, respectively, one-way ANOVA using Tukey's post hoc test).
2A). The mitochondria in neurons treated with glutamate (data not shown) or staurosporine (Fig. 1C) were small and fragmented, with 60% or 80% of neurons displaying mitochondrial fragmentation, respectively ( Fig. 2A) , consistent with previous findings (Young et al., 2010) . Mitochondrial fragmentation was also observed with the mitochondrial complex II inhibitor, 3-nitropropionic acid (3-NP; data not shown), as previously reported . In marked contrast, however, the addition of the DNA-damaging agent CPT induced no sign of mitochondrial fragmentation in postnatal mouse cortical neurons. Rather, mitochondrial structures in neurites appeared longer in CPT-treated neurons (Fig. 1B) , suggesting induction of net mitochondrial elongation instead of fragmentation. This was confirmed by quantitative assessment demonstrating that 50% of neurons displayed elongated neuritic mitochondria in CPTtreated cultures in contrast to 20% in control (DMSO-treated) cultures ( Fig. 2A) . Since standard fluorescence microscopy does not have sufficient resolution to distinguish between individual mitochondria and groups of mitochondria in close proximity, we evaluated the effect of CPT treatment on neuritic mitochondria using transmission electron microscopy (TEM). TEM analysis demonstrated that DNA damage significantly increased the average length of individual mitochondria while significantly reducing the number of mitochondria per unit area in the neurites (Fig.  3) . However, in MEFs that normally display long networked mitochondria (Fig. 1D) , CPT treatment, which activates p53 in human and mouse fibroblasts ( Fig. 1F ; Tomicic et al., 2005; Wu et al., 2009 ), resulted in a significant degree of mitochondrial fragmentation and a diminution of mitoDsRed2 fluorescence (Fig.  1E) . Thus, contrary to the results from the majority of previous studies in neurons and non-neuronal cells using a variety of apoptotic stressors, CPT-induced DNA damage in postnatal cortical neurons did not lead to fragmented mitochondria but to elongated mitochondria. Importantly, in p53-deficient (p53 Ϫ/Ϫ ) neurons that are resistant to CPT (Xiang et al., 1996 (Xiang et al., , 1998 , CPT treatment did not result in elongated mitochondria (Fig. 2B) , implicating DNA damage-induced p53 activation in the observed mitochondrial changes.
CPT treatment reduces Drp1 and parkin expression in a p53-dependent manner
The longer mitochondria observed following CPT treatment could be a result of decreased fission and/or increased (or sustained) fusion activity. We have already shown that CPT treatment does not appreciably affect the levels of fusion proteins (Mfn1/Mfn2; Uo et al., 2009). In the present study, therefore, we initially focused on the fission protein Drp1. We have reported that shRNA-based suppression of Drp1 results in elongated mitochondria and cell death in cortical neurons (Uo et al., 2009) . As seen in Figure 4A , Drp1 immunoreactivity was reduced as early as 4 h after CPT treatment, relative to DMSO, in postnatal cortical neurons with further decreases seen with increasing time. The reduction in Drp1 immunoreactivity in postnatal cortical neurons was confirmed by Western blot quantification (Fig. 4B,C) . CPT treatment also reduced expression of parkin (Fig. 4B,C) , a protein involved in mitochondrial fusion/ fission (Poole et al., 2008) , mitophagy (Dagda et al., 2009) , and mitochondrial trafficking (Wang et al., 2011b) . Although the decline required 8 -12 h to become noticeable, it occurred well before the initiation of morphological cell death (Ͼ20 h). Staurosporine treatment, which resulted in fragmented mitochondria (Figs. 1C, 2) , did not affect Drp1 or parkin levels despite inducing elevated expression of activated caspase-3 (Fig. 4D) .
The temporal relationship between declines in Drp1 and parkin expression (Fig.  4B ) and p53 induction, the latter occurring as early as 2 h after CPT treatment (Uo et al., 2007) , prompted us to examine whether the changes in Drp1 and parkin levels could occur downstream of p53 induction. In p53 Ϫ/Ϫ cortical neurons, CPT treatment did not reduce Drp1, and while CPT induced a statistically significant decrease in parkin in p53 Ϫ/Ϫ neurons, it was substantially less than that observed in p53 ϩ/ϩ neurons (Fig. 4 B, C) , consistent with the lack of a CPT effect on mitochondrial morphology (Fig. 2B) . Conversely, adenovirus-mediated overexpression of p53 in p53 ϩ/ϩ (data not shown) and p53 Ϫ/Ϫ cortical neurons (Fig. 5 A, B ) reduced Drp1 and parkin levels while ␤-galactosidase overexpression did not. Overexpression of p53 in Bax Ϫ/Ϫ neurons still reduced Drp1 levels (Fig. 5B) , suggesting that CPT-induced decreases in Drp1 are not a result of cell death-associated biochemical changes as these neurons are not killed by p53 activation (Xiang et al., 1998) . To further determine whether the decline in Drp1 and parkin due to CPT-mediated p53 activation occurred at a transcriptional or post-transcriptional level, we analyzed changes in mRNA levels of Drp1 and parkin. CPT treatment reduced the mRNA levels of both Drp1 and parkin in p53 ϩ/ϩ neurons (Fig. 6) . However, Drp1 and parkin mRNA expression were suppressed in p53 Ϫ/Ϫ neurons as well (Fig. 6 ). These results suggest that the observed changes in the expression of Drp1 and parkin protein occur largely as a result of p53-dependent translational suppression and/or protein degradation since Drp1 and parkin protein levels in p53 Ϫ/Ϫ neurons remain unchanged (Fig.  4 B, C) despite their decline in mRNA levels (Fig. 6) .
Restoring Drp1 or parkin expression reduces CPT-induced mitochondrial elongation and neuronal damage
CPT treatment resulted in declining Drp1 levels in a p53-dependent manner and it occurred as early as 4 h after exposure (Fig. 4) , well before commitment of cell death occurring at 8 h (50% cells committed) to 12 h (100% cells committed; (Uo et al., 2007). Parkin depletion was more protracted occurring 8 -12 h after CPT treatment but still within the commitment window for Ϫ/Ϫ neurons were infected with adenovirus expressing human p53 (p53) or ␤-galactosidase (LacZ) at varying MOIs. Protein samples were prepared 48 h after infection and analyzed for expression of Drp1, parkin, and activated caspase-3 by Western blot. ␤-Actin was used as an internal loading control. B, Bax Ϫ/Ϫ neurons were infected 1 d after plating with adenovirus expressing human p53 or ␤-galactosidase at varying MOIs. Protein samples were prepared 48 h after infection and analyzed for expression of p53, Drp1, and activated caspase-3 by Western blot. ␤-Actin was used as an internal loading control. C, D, Cortical neurons were infected 1 d after plating with increasing MOIs of lentivirus expressing shRNA against Drp1 or parkin. Protein samples were prepared 3 d after infection and analyzed for expression of Drp1, parkin, and activated caspase-3 (parkin only). ␤-Actin was used as an internal loading control. Two different shRNAs against each protein were tested, with similar results. All blots are representative of at least two separate experiments. ϩ/ϩ or p53 Ϫ/Ϫ neurons were treated with DMSO (control) or CPT (5 M) 3 d after plating for 12 h. Expression levels of Drp1 and parkin mRNA were analyzed by real-time RT-PCR (see Materials and Methods). The results obtained were first normalized against levels of ribosomal protein S18 (RPS18) mRNA used as an internal control for RNA loading and then presented relative to the levels in DMSOtreated p53 ϩ/ϩ neurons. The data are mean Ϯ SEM three separate experiments done in duplicates.
apoptosis. Drp1 knockdown is neurotoxic (Uo et al., 2009) , and parkin knockdown also results in mitochondrial apoptosis (Fig. 5D) . Therefore, p53-dependent reduction in Drp1 and parkin levels may contribute to the loss of neuronal viability following genotoxic stress. To evaluate this possibility we overexpressed Drp1 or parkin before CPT treatment. Parkin or Drp1 overexpression significantly decreased the percentage of dying neurons 24 h following CPT treatment (Fig. 7A) . CPT-induced elevation of activated caspase-3 expression was also significantly attenuated at this time point when neurons overexpressed Drp1 or parkin (Fig. 7B ). Under these conditions, CPT treatment still suppressed Drp1 or parkin protein expression in neurons overexpressing these proteins. However, the resulting suppressed levels remained above the levels seen in control neurons (EGFP-DMSO), thus maintaining the individual proteins above the physiological levels of expression even in the presence of CPT (Fig. 7B) . Overexpression of Drp1 or parkin did not reciprocally prevent CPTinduced decrease of the other protein ( Fig. 7B ; the inset in the parkin blot represents an image of a longer exposure to show that Drp1 overexpression does not mitigate CPT-induced parkin loss), nor did it completely suppress CPT-induced mitochondrial apoptosis (caspase-3 activation; Fig. 7B ), suggesting that the neuroprotective effects of Drp1 and parkin are not mediated by the upregulation of one protein by the other. Similarly, knockdown of Drp1 or parkin did not affect expression levels of the other (Fig. 5C,D) . Overexpression of Drp1 or parkin also significantly attenuated CPT-induced mitochondrial elongation (Fig. 8) . These findings suggest that the p53-dependent decline in Drp1 and parkin are causally related to both the CPT-induced increase in mitochondrial length, most likely via reduced fission activity, and apoptosis.
Discussion
Neurotoxic stress associated with nervous system injury and neurodegenerative diseases induces mitochondrial dysfunction commonly coupled with mitochondrial fission (Knott et al., 2008) . In the present study we determined whether genotoxic stress in postnatal cortical neurons, which activates a p53/Bax-dependent apoptotic pathway, involves changes in mitochondrial morphology. Our results demonstrate that (1) in contrast to other forms of neuronal insults, genotoxic stress did not induce mitochondrial fission, but resulted in fewer mitochondria with increased length in neurites indicative of net mitochondrial fusion; (2) genotoxic stress induced a p53-dependent decline in Drp1 and parkin expression, which occurred before the commitment point for apoptosis; and (3) elevating Drp1 or parkin expression prevented the increase in mitochondrial length and attenuated neuronal cell death induced by genotoxic stress. ϩ/ϩ cortical neurons were infected with lentivirus (10 MOI) expressing EGFP (control virus), parkin, or Drp1 (isoform 1: Uo et al., 2009) 24 h after plating. Cells were treated with DMSO (control) or CPT (5 M) 3 d after infection. Phase microscopic images were taken 24 h after treatment and quantified for the percentage of dying/dead neurons. Scale bar, 25 m. These data represent the mean Ϯ SEM two independent experiments. *, Significantly different from EGFP ϩ DMSO ( p Ͻ 0.01, one-way ANOVA using Tukey's post hoc test). **, Significantly different from EGFP ϩ CPT ( p Ͻ 0.05). B, p53 ϩ/ϩ neurons were infected and treated as described in A, and protein samples were prepared and analyzed for expression of Drp1, parkin, and activated caspase-3 by Western blot. The inset in the parkin blot represents a prolonged exposure of the "Drp1" lanes showing that Drp1 overexpression does not prevent CPTinduced loss of endogenous parkin. ␤-Actin was used as an internal loading control. Blots are representative of three separate experiments. Activated caspase-3 expression was then quantified using ImageJ, normalized against actin, and presented in the graph as CPT-induced fold increase relative to DMSO control (the mean Ϯ SEM 3 independent experiments). *, Significantly different from EGFP ( p Ͻ 0.01, one-way ANOVA using Tukey's post hoc test).
Mitochondrial morphology in disease and injury: fission versus fusion
ease are associated with mitochondrial fragmentation and impaired mitophagy in cultured neurons (Exner et al., 2007; Lutz et al., 2009; Cui et al., 2010) . Affected neurons in Alzheimer's disease (Wang et al., 2009 ) and Huntington's disease (Kim et al., 2010) patients show progressive loss of mitochondria potentially due to increased fission. Mitochondrial fragmentation is also observed in a mouse model of stroke (Barsoum et al., 2006; Grohm et al., 2012) . In marked contrast to these studies and our own observations that postnatal cortical neurons in culture exhibit fragmented mitochondria upon treatment with staurosporine, glutamate, and 3-NP, we observed elongated mitochondria in the neurites of postnatal cortical neurons treated with the DNA damaging agent, CPT. It remains to be determined how mitochondrial morphology changes in the soma where mitochondria were too dense to be defined individually. The observed response to genotoxic stress may be unique to neurons as CPT treatment of MEFs resulted in fragmented mitochondria. These results suggest that DNA damage in postnatal cortical neurons may activate pathways that affect mitochondrial morphology differently both from other acute injuries and from other cell types. Consistent with this notion was the significant reduction in Drp1 and parkin protein levels observed in cortical neurons when treated with CPT but not with other forms of stress (Figs. 4, 5) . The reduction in Drp1 and parkin levels was p53 dependent although there remains an effect of CPT on parkin levels, even in the absence of p53 (Fig. 4) .
Stress-induced mitochondrial fusion is not unprecedented. SLP-2-mediated fusion occurs in response to various stresses in different cell types (Tondera et al., 2009) . However, this stressinduced mitochondrial fusion is anti-apoptotic and does not involve changes in Drp1 expression (Tondera et al., 2009) . In contrast, a recent finding demonstrates that in fly and neuronal models of Alzheimer's disease and related tauopathies, inappropriate expression of tau precipitates actin-mediated mislocalization of Drp1 resulting in mitochondrial elongation and neurotoxicity (DuBoff et al., 2012) . The latter finding is consistent with our results demonstrating that Drp1 depletion and resulting elongated mitochondria can occur in association with apoptosis that can be ameliorated by overexpression of Drp1 (Figs. 7, 8) . Also, the present study demonstrated for the first time that parkin levels in neurons decrease in response to genotoxic stress. Although these changes may not be the sole biochemical changes responsible for the observed increase in mitochondrial length, our results suggest that CPT-induced declines in the expression of Drp1 and parkin represent a molecular mechanism underlying the observed net increase in mitochondrial length because the elongated phenotype was corrected by Drp1 or parkin overexpression. This mechanism of mitochondrial elongation may be relevant to understanding some aspects of the mitochondrial toxicity associated with human neurodegenerative disease (DuBoff et al., 2012) . ϩ/ϩ neurons were infected with lentivirus expressing mitoDsRed2 and either parkin or wild-type Drp1 (10 MOI) 24 h after plating. Cells were treated with DMSO or CPT (5 M) 3 d after infection and fixed 12 h after treatment. Cells were stained with Hoechst 33258 to delineate nuclei (blue) to help quantify the percentage of neurons displaying elongated mitochondria in the processes. Scale bar, 7 m. The percentage of neurons displaying elongated mitochondria was quantitated as described (see Materials and Methods) and presented in the graph as the mean Ϯ SEM two independent experiments. *, Significantly different from CPT ( p Ͻ 0.05, one-way ANOVA using Tukey's post hoc test).
The mechanisms underlying the decline in Drp1 and parkin expression and activity Reduced expression of Drp1 is atypical of apoptosis-related changes in mitochondrial proteins. Also, reduced expression of parkin in association with apoptosis has not been reported. What potentially separates the CPT-induced neuronal cell death model from others is the involvement of p53 activation in this DNA damage-based apoptosis model. Both Drp1 and parkin genes have been shown to be transcriptionally upregulated p53 targets (Li et al., 2010; Zhang et al., 2011) . These modes of transcriptional regulation demonstrated for non-neuronal cells, however, do not seem to be operational in neurons. Our results instead demonstrated p53-dependent decreases in Drp1 and parkin protein levels following DNA damage likely involving a posttranscriptional mechanism(s). CPT treatment of both p53 ϩ/ϩ and p53 Ϫ/Ϫ neurons decreased mRNA levels of Drp1 and parkin, but only p53 ϩ/ϩ neurons developed decreased expression of the proteins. This is consistent with the observation that p53-dependent upregulation of parkin, occurring in a tissue-specific manner, is not observed in brain (Zhang et al., 2011) . As such, although no direct transcriptional regulation appeared to be involved, our results involving p53 Ϫ/Ϫ neurons and forced expression of p53 clearly demonstrate that declines in Drp1 and parkin in neurons occurred as a result of p53 activation (Fig. 4) . Thus, p53 activation alters expression of Drp1 and parkin through cell type-specific mechanisms and, in neurons, appears to have unique implications for the regulation of the two proteins leading to genotoxic stress-induced increases in mitochondrial length. In neurons, p53 may modulate expression of unidentified molecules that alter the translation or stability of Drp1 and parkin.
Parkin is an ubiquitin E3 ligase, promoting ubiquitination of substrate proteins to mark them for proteasomal degradation. Both Drp1 (Wang et al., 2011a) and Mfn1/Mfn2 (Ziviani et al., 2010) can be targets of parkin-mediated ubiquitination and degradation. These parkin activities are unlikely to contribute to the observed CPT-induced decline in neuronal Drp1, however. The expression of parkin also declined by CPT treatment and parkin overexpression did not exacerbate the decline in Drp1 (Fig. 7B) . Also, we did not observe a significant increase in Mfn1/Mfn2 in CPT-treated neurons (Uo et al., 2009) , suggesting that parkin may have other targets among fusion/fission proteins in neurons.
Reduced expression of Drp1/parkin mediate changes in mitochondrial morphology and apoptosis Our results indicate that Drp1 and parkin levels drop before neurons are committed to apoptosis and that sustained expression of Drp1 or parkin can partially rescue neurons from CPT-induced apoptosis with restoration of normal mitochondrial length. Knockdown of Drp1 (Uo et al., 2009) or parkin (Fig. 5D ) expression is sufficient to compromise neuronal viability even in the absence of stress. These results collectively support the idea that the reductions in Drp1 and parkin are causally related to CPTinduced changes in mitochondrial morphology and neuronal apoptosis.
Beyond the regulation of mitochondrial morphology, the concomitant decrease in Drp1 and parkin expression may have significant functional consequences for mitophagy-mediated mitochondrial quality control. Drp1 mediates fission of dysfunctional mitochondria (Karbowski et al., 2002) while parkin marks damaged mitochondria for autophagic degradation (Narendra et al., 2008) . With such functions compromised, a net increase in mitochondrial elongation may result in the unwanted preservation of dysfunctional mitochondria leading to bioenergetic deficits and cell death. We attempted to quantify incidences of mitochondrial structures found within autophagosomes in electron microscopic images, but there were too few autophagosomes with identifiable mitochondrial structures in either the DMSO-or CPT-treated group to assess such a possibility. These observations may alternatively suggest that parkin contributes to maintaining neuronal viability through other means aside from mitophagy. Parkin can also influence mitochondrial function by promoting mitochondrial biogenesis (Shin et al., 2011) or suppressing apoptosis via Bax ubiquitination (Johnson et al., 2012) . Thus, a decline in parkin expression alone could compromise mitochondrial integrity. Furthermore, since parkin can suppress p53 expression (da Costa et al., 2009) , decreasing parkin expression could result in sustained p53 expression in response to genotoxic stress. Conversely, parkin overexpression may ameliorate the CPT-induced mitochondrial phenotype by suppressing p53 expression.
Concluding remarks
Overexpression of Drp1 and parkin mitigated the observed mitochondrial phenotype and apoptosis induced by genotoxic stress. Parkin's role in neuroprotection has been previously described (Darios et al., 2003) , but the neuroprotective role of Drp1 demonstrated in this study is novel contrasting with its more prevailing role in promoting apoptosis (Frank et al., 2001) . Accumulated DNA damage from chronic oxidative stress is considered an important factor for the onset and progression of agerelated cognitive decline and neurodegenerative diseases (Lin and Beal, 2006; Dröge and Schipper, 2007) . Neuronal regulation of the p53-dependent cellular response to stress, which is unique relative to non-neuronal cells as revealed for mitochondrial morphology in the present study, provides a clue to neuron-specific pathology manifested in many neurodegenerative diseases despite the somatic nature of individual mutations in the responsible genes. Future studies could determine whether p53-mediated suppression of Drp1 and parkin directly contribute to neuronal dysfunction through the loss of mitochondrial integrity.
